The study of the intra-specif ic phylogenetic structure of Leuconostoc oenos is essential to understand the participation of several strains in malo-lactic fermentation (MLF). RFLP of the PCR-amplified 165-23s rDNA intergenic spacer region (ISR) was performed in Leuc. oenos and other related species. The RFLP patterns with seven endonucleases were identical for the 37 Leuc. oenos strains, but differed from those obtained for all other species tested. This method could provide an invaluable insight for molecular identification of the wine leuconostocs. The RFLP relationships of members of the genera Leuconostoc and Weissella were highly similar t o those previously reported by 165 and 235 rRNA sequencing studies. The 16S-235 rDNA ISR was sequenced in five strains of Leuc. oenos. A single tRNAAia was detected. The ISR sequence seems to be identical in the two rRNA (rrn) operons found in Leuc. oenos and no significant sequence variation was observed between strains that revealed relative differences as previously shown by PFGE. Results from the present study demonstrated that Leuc. oenos is phylogenetically a very homogeneous species (according to DNA-DNA hybridization studies) and sustain that this species is different from the genus Leuconostoc. The extremely conserved ISR of these organisms suggests that Leuc. oenos strains currently isolated and characterized must have spread with the transfer of viticulture rather than coming from indigenous populations.
INTRODUCTION
Leuconostoc oenos was first described by Garvie (1967) to accommodate some acidophilic Gram-positive cocci from wine. This species is the most frequently associated with malo-lactic fermentation (MLF) and is distinguished from the other species of the genus Leuconostoc sensu strict0 (viz. Leuc. mesenteroides, Leuc. lactis, Leuc. citreum, Leuc. carnosum, Leuc. gelidum, Leu. psezldomesenteroides and Leuc. fallax) by its lack of growth at an initial pH of 4-8 in media containing 10 O h (v/v) ethanol (Garvie, 1986) . Results of chromosomal DNA-DNA hybridization pairing studies (Garvie, 1976; Hontebeyrie & Gasser, 1977 ; Farrow e t considerable phenotypical diversity among strains of Leuc. oenm (Garvie, 1967 (Garvie, , 1969 (Garvie, , 1986 Garvie & Farrow, 1980) . Tracey & Britz (1 987,1989 ) confirmed these observations and differences in cellular fatty acids found were considered sufficiently great to warrant separation of the strains into two or more species or subspecies. However, total soluble cell proteins and DNA-DNA hybridization studies (Dicks e t al., 1990 (Dicks e t al., , 1995a indicated that this species is genomically homogeneous and the proposed division into species (Peynaud & Domercq, 1968 ; Rossi e t al., 1978) is not supported. PFGE patterns have shown the existence of several genomic groups of Leuc. 0eno.s (Tenreiro e t al., 1994) . According to these patterns, 80 YO of the isolates tested were recovered in a major group represented by strains ML34 (NCDO1823) and NCD01674T, suggesting that a particular strain type predominates in the wine environment.
The number of rRNA (rrn) operons, which are present in 1-10 copies per prokaryotic chromosome, has been studied in very few bacteria (Gurtler & Barrie, 1995) . These spacers are short stretches of D N A located between the 16s and 23s genes in the prokaryotic rRNA loci (Neefs e t al., 1990 ) and usually contain one or more tRNA genes, elements important to transcription and noncoding D N A that apparently are not functional and should exhibit a considerable degree of sequence variation. Such variable regions make the intergenic spacer region (ISR) a good marker to measure short-term phylogeny, i.e. a fast molecular clock. Recently, length and sequence variation of the 16s-23s rDNA ISRs have been used to discriminate strains at the species (Barry et al., 1991 ; Uemori etal., 1992; Jensen etal., 1993; Van der Giessen e t al. , 1994) and subspecies levels (Kostman et al., 1992; Dolzani e t al., 1994; Gurtler & Barrie, 1995; Leblond-Bourget, 1996; Matar e t al., 1993; Vilgalys & Hester, 1990 ; Navarro e t al., 1992; Regnery e t al., 1991).
The participation of diverse Leztc. oenm strains in MLF may be important in the quality of wine (Kunkee, 1991; Fleet etal., 1984) . Therefore, in the present study, diversity within Leztc. uenm was investigated by determining the sequence of the 16s-23s rDNA ISR in strains that showed relatively different PFGE patterns.
METHODS
Bacterial strains and cultivation. Bacterial strains used in this study are listed in Table 1 . Strain Ch2 was isolated from red Spanish table wine, as described by Beelman e t al. (1977) . All strains of Leuc. oenos were grown at 25 "C in MLOS broth (Adasa Micro) supplemented with 10 YO (v/v) tomato juice.
Non-acidophilic leuconostoc, species of the genera Weissella, Lactobacillus and Pediococcus, were grown in MRS broth (Merck) at 30 "C. Lactococcus lactis subsp. lactis was grown at 30 "C in M17 broth (Merck). Clostridium buoricum was grown in Reinforced Clostridial Broth (Merck) at 37 "C. Bacillus subtillis was grown in LB broth at 30 "C and Listeria m u r y i , Staphylocacczts aweus and Streptococcus salivarius were grown in Trypticase Soya Broth (Oxoid) at 37 "C.
DNA extraction and purification. Genomic DNA from Leuc. oenos was extracted by the following procedure. Five millilitres of a late exponential-phase culture was harvested, washed in 50 mM Tris/HCl, pH 8, and 10 mM EDTA, and resuspended in 0.7 ml of the same buffer. Lysozyme was added to give a final concentration of 10 mg ml-' and the reaction was kept at 37 "C for 1 h. Then, 80 pl10 % (w/v) SDS and 5 p1500 pg RNase ml-' were added and incubated at 37 "C for 1 h. The homogenate was digested by addition of 6 p1 20 mg Proteinase K ml-' and incubated at 50 OC for 5 h. DNA was extracted twice with an equal volume of phenol/chloroform (1 : 1, v/v), precipitated with isopropanol and washed with 70% (v/v) ethanol. DNA was resuspended in 200 pl TE buffer (0.01 M Tris/HCl, 0.001 M EDTA, pH 7.5). Total bacterial DNA from other strains was extracted using InstaGene (Bio-Rad) as instructed by the manufacturer. Concentration and purity (referred to protein content) of DNA obtained was estimated using the GeneQuant DNA/RNA Calculator (Pharmacia).
Oligonucleotide primers. Nucleotide sequences and characteristics of primers are listed in Table 2 . They were designed from conserved areas of aligned rRNA bacterial sequences. All primers used were synthesized in an Applied Biosystems 396 DNA/RNA synthesizer. The 3' end was deprotected by incubation at 55 "C overnight. Primers were vacuum-dried and resuspended in 400 pl sterile distilled water. Concentration was estimated using the GeneQuant DNA/RNA Calculator (Pharmacia).
PCR. Approximately 100 ng of total DNA were subjected to PCR amplification in a total volume of 50 p1 containing 50 mM KC1, 10 mM Tris/HCl (pH 9 at 25 "C), 0.1 YO (v/v) Triton X-100,1*5 mM MgCl,, 200 pM each deoxyribonucleotide (dATP, dCTP, dGTP, dTTP; Pharmacia), 1 pM each primer and 1.5 U Taq DNA polymerase (Promega). Reaction mixtures were overlaid with mineral oil (Light White Oil; Sigma) prior to a thermal cycling regime (35 cycles on an OmniGene thermal cycler; Hybaid) of 94 "C for 1 min, 55 "C for 1 min and 72 "C for 2min (3 min when the 23s rRNA gene was amplified). Negative controls with no addition of template DNA were included. Two microlitres of PCR products were analysed in 2 YO (w/v) NuSieve agarose gel electrophoresis (FMC).
Purification and cloning of the PCR products. The amplified 16s-23s ISR from DNA of isolate Ch2 and Leztc. oenos strains NCDOl 674T, NCDOl823, CECT4028, CECT4029 and Leuc. mesenteroides strain NCD0523T were incubated with 2 U Klenow polymerase at 37 "C for 15 min. The product was electrophoresed in 1 % agarose and DNA was recovered from the gel by using the Geneclean I1 Kit (BiolOl). ISR fragments were inserted into the EcoRV site of pBluescript (Stratagene) by ligation at 16 "C overnight. Competent Eschericrclia coli DH5a cells were transformed according to a standard protocol (Sambrook et al., 1989) . Plasmid DNA was extracted using the Magic Miniprep DNA Purification System (Promega).
Restriction enzyme analysis. PCR products were ethanolprecipitated and resuspended in 20 pl of sterile distilled water. Four microlitres were digested with 5 U Acz? (New England Biolabs), AluI, DdeI, CfI, NdeI, TaqI and Tru9I (Boehringer) in a volume of 20 pl at the optimal temperature for 6 h. The total digested products were separated by electrophoresis with 3 % Metaphor agarose (FMC) in 1 x TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M EDTA, pH 8.0). Total DNA was digested with 20 U BgflI, EcoRV and SaGl as described by the manufacturer (Boehringer).
Southern hybridization. Digested genomic DNA was resolved on 0.8% agarose gel and transferred to Hybond-N nylon membrane (Amersham) by the method of Southern (1975) .
Probes 16s rDNA, 23s rDNA, 16s-23s ISR and 23s-5s ISR (obtained by PCR using the primer pairs L016S1F-L016S15R, 16s-23s r R N A spacer in Lezlconostoc oenos 
L023S1F-L023S29R7
16S14F-23SlR and L023S29F-L05SR, respectively) were labelled with [ L X -~~P I~A T P by the random primer method as described in the Amersham manual.
The blots were prehybridized at 65 "C for 3 h, hybridized overnight and washed twice for 5 min at room temperature with 2 x SSC (1 x SSC: 0.15 M NaC1, 0.015 M Na citrate), 0.1 % SDS, twice with 1 x SSC, 0.1 % SDS at 65 O C for 15 min, and finally, once with 0.1 x SSC, 0.1 % SDS under the same conditions. The blots were exposed to an X-OMAT Kodak film overnight. For re-hybridization, the blot was washed twice in 0.2 M NaOH, 0.1 % SDS for 15 min at 37 "C followed by a short wash in 2 x SSC.
Sequencing of ISR.
The sequence of the cloned 16s-23s ISR was determined by the dideoxy-chain termination method (Sanger e t al., 1977) * Numbering according to the E. coli rRNA sequences (Brosius e t al., 1978 (Brosius e t al., , 1980 experiments were sequenced for each strain. The sequencing products were separated on 55 cm wedge-shaped (0.2-0.6 mm)
6 Yo (w/v) polyacrylamide denaturing (7 M urea) gels at 55 "C using an LKB Macrophor 2010 sequencing unit operated at 50 K' per gel.
Data analysis. The molecular size of the RFLP fragments was estimated using the GelBase Windows Software for System 5000 (Ultra Violet Products). RFLP prints were converted to two-dimensional binary matrices. If a band was present it was scored as positive at that location, and if absent, it was assigned a negative score. Pairwise comparisons and constructed symmetrical similarity matrices were obtained by using the NTSYS-PC program (version 1.80; Exeter Software). Finally, a dendrogram from the RFLP similarity matrix was made using the UPGMA method contained in the NTSYS-PC program. The determined ISR sequences of Lezlc. oenos and Lezlc. mesenteroides were aligned with those of four closely related bacteria (Chiaruttini & Milet, 1993; Bacot & Reeves, 1991; Hall, 1994; Sechi & DaneoMoore, 1993 ) using the CLUSTAL method of the PC/GENE program in an IBM computer, and sequence similarity percentages were calculated. (1) and Bgll + Hinfl-cleaved pBR328 (7).
RESULTS

Amplification
and Staph. aureus), some of which have also been isolated from wine. (Fig. 4 ). An identical pattern of bands was obtained with the 23s-5s ISR probe. Then, the same blot was washed and hybridized to the 16s rDNA probe and 2 bands of ca 9 and 14 kb were visualized in the BgGIIdigested DNA. Furthermore, 4 bands of approximately 14,9,8 and 4 kb for BgAI digestions were observed when the 16s-23s ISR probe was used (results not shown). Hybridization of any of these probes to EcoRV and SaA digests always yielded two bands of 2 9 kb, as shown in Fig. 4 . These results indicated that the genome of strain Lezic. oen0.r NCD01674T contains two rRNA operons and a recognition site for BgGII is present in the 16s-23s ISR sequence of both operons. This analysis and results from the amplification of both 16s-23s and 23s-5s intergenic spacer regions revealed that the rRNA gene cluster is arranged in the typical canonical 5'4 6s-23s-5s-3' organization of rRNA genes found in bacteria.
PCR-based restriction analysis
CACTGGGATT M G T C G T M C MGGTAGCCG T A G A G M C C T GCGGCTGGAT CACCTCCTTT CTAAGGATAA TCBGAATACT 3 C 1euc.mesenteroides GACTGGGGTG M G T C G T M C MGGTAGCCG T A G A G M C C T GCGGCTGGAT CACCTCCTTT CTAAGGATAA TCGGAAAGCC 61
Leuc. oenos
ACACTGATTT AIVITATCAAG GTTTGTTTGT TTGA--GTTC TGTTCGGTTT TCAGAGCGCC GCCCTGAFVCA CA--CAAG--
Sequence of the 16s-235 rDNA ISR
The sequence corresponding to the cloned ISR of Lezlc. oenos NCDO1674T was determined (Fig. 5) . Expected errors of PCR and sequencing reactions were ruled out by sequencing both strands from two independently cloned fragments of separate PCR experiments ; no differences in the ISR sequence of each strain were found. Sequences at the 3' end of the 16s and 5' end of the 23s coding regions were recognized by comparison with published sequences and incomplete sequences determined. 16s-23s rRNA spacer in Leuconostoc oenos spacer contained a single tRNA*'" gene comprising 73 bp. Sequence variability between the two 16s-23s ISR copies was investigated in three more clones of the same strain and identical ISR sequences were found. The ISR sequences corresponding to strain NCDOl823 (ML34) and isolate Ch2 were also determined and both compared to that of strain NCD01674T, but no difference was observed. A previous PFGE analysis showed that the pattern of strain Leuc. oenox CECT4029 is relatively different from that of NCDO1674T (Tenreiro e t al., 1994) and it was selected for ISR sequencing. The sequences from two different clones of strain CECT4029 were identical but differed from that of NCD01674T by a transversion (T instead of C) at position 155 and an inserted adenine between positions 238 and 239 (numbering as described in Fig. 5 ). The ISR sequence of another strain, CECT4028, related to CECT4029 by PFGE (Tenreiro et al., 1994) , was determined and showed the same previously mentioned insertion at position 239 ; however the transversion was not found. Table 3 . The sequences were first aligned by using the P C~G E N E program and then the alignments were corrected by hand. The ISR length of Strep. pneumoniae differs markedly from that of Leuc. oenos; the alignment suggested that a number of deletions have occurred in the former. The signature AAGGA (position 63-67 following the numbering of Fig. 5 ) was found to be conserved for all these species. All ISR selected for comparison showed only a single copy of tRNAA'". (Gurtler & Barrie, 1995) , B. subtillis (Loughney etal., 1982) and E. coli (Harvey e t al., 1988) . The Leuc. oenos sequence showed three nucleotide differences with that of Leuc. mesenteroides at conserved positions for all tRNAA1" sequences compared (Fig. 5) .
P,
DISCUSSION
In this study, the intra-species diversity of Leuc. oenox was investigated bv analysing the sequence of the intergenic region between the 16s and 23s rRNA genes. The type strain of this species, NCD01674T, contained two ribosomal operons and they both showed the typical 5'-16s-23s-55-3' organization of rRNA genes found in bacteria.
Caulobucter crescentus (Feingold e t al. , 1985) , Mycobacterium bovis (Susuki e t al., 1987) , Mycoplasma capricolum (Sawada e t al., 1984) and Halobacterium marismortui (Mevarech e t al., 1989) have also been reported to contain two rrn operons and only one has been found in Mb. leprae (Sela e t al., 1989) and Hb. halobizlm (Hofman e t al., 1979) . The number of rRNA gene clusters in Leuc. oenos may be one factor which limits their maximum growth rate as the generation time appears to be correlated with the number of ribosomal operons (Krawiec & Rilev, 1990 ).
The 16s-23s ISR has been used for bacterial strain differentiation (Barry e t al., 1991; Vilgalys & Hester, 1990; Kostman etal., 1992; Matar etal., 1993; Cartwright e t al. , 1995 ; Gurtler & Barrie, 1995 ; Navarro e t al., 1992 ;  Regnery e t al., 1991)). For example, a study of the ISR from 29 bifidobacterial strains has revealed an overall intraspecific sequence divergence of < 6 O/O (the maximum level was 12.7 YO), indicating that the evolutionary rate of the 16s-23s rDNA spacer is much greater than that of 16s rDNA (Leblond-Bourget e t al., 1996) . The RFLP patterns of the ISR sequence were identical for all Lezlc. oenos strains tested but they were not found in any of the other species listed in Table 1 . As the RFLP patterns were characteristic of this species, this approach may be used for identification of wine leuconostocs (Fig. 2) . It is remarkable that only a nucleotide change and an insertion were found in the ISR sequence of strain CECT4029. A similar degree of ISR sequence conservation was previously reported in Mb. leprae (de Wit & Klatser, 1994) and Ent. faecalis (Hall 1994) . DNA-DNA hybridization has revealed a high similarity level in the species Lezlc. oenos (Dicks e t al., 1995b) . Strains of very different origin showed high DNA-DNA similarities with the type strain NCDOl 674T (80-96 "0). Macrorestriction patterns obtained by PFGE of Leuc. oenos strains have shown a major cluster (80 O / O of the isolates tested) comprising the type strain NCD01674T and strain ML34 (NCDO1823); however, strains CECT4028 and CECT4029 diverged relatively from the main group (Tenreiro e t al., 1994) . It is noteworthy that strain CECT4028 (NCDO1709) showed 92% DNA-DNA similarity with the type strain NCD01674T (Dicks et al., 1995b) . In this study, the ISR of strain CECT4029 showed only a nucleotide change compared with that of NCD01674T. This suggests that these strains belong to a homogeneous species, which fully agrees with the DNA-DNA pairing studies previously reported. All these observations are indicative of a different pattern of D N A arrangement in the genome of both strains (CECT4028 and NCD01674T) being responsible for the differences in their PFGE patterns (Hall, 1994) but their sequences, globally, seem highly hom-ISR sequence divergence of Leuc. oenos from other related species was investigated by analysis of the RFLP patterns obtained independently with seven endonucleases (Fig.  3) . The topology shown in this RFLP dendrogram was highly similar to the phylogenetic branching obtained by 16s and 23s rRNA sequencing studies (Martinez-Murcia & Collins, 1990; Martinez-Murcia et al., 1993) . In the dendrogram of the RFLP analysis, Leuc. oenos was found to be very distant from all species of the genera Leuconostoc and Weissella (Fig. 3) , which is consistent with the long phylogenetic branch previously reported (Yang & Woese, 1989 ; Martinez-Murcia & , Martinez-Murcia e t al., 1993 . The congruence between results of rRNA ologous.
sequences and the RFLP patterns of the 16s-23s ISR obtained in the present study indicated that these three molecular chronometers are well synchronized. The ISR sequences of Leu. oelzos and Leuc. meselzteroides were compared with other ISRs reported to have tRNAA1". In Strep. pnenmoniae, the number of deleted nucleotides compared with other ISRs was so high that calculated homology values for this species were considered unreliable (Table 3) . With this exception, the ISR sequence similarity between Leu. oelzos and Lezlc. mesenteroides (76 %) was much lower than that observed between the two Enterococcns species, Ent.faecalis and Ent. birae (93 YO). The value between the two Leuconostoc species fits well within the range found for the different genera compared in Table 3 (69-78%). Although the available number of tRNA*'"-containing ISR is extremely low, these comparisons also indicate that the sequence divergence level between Leu. oenos and Leuc. mesetateroides fall into an inter-generic relationship rather than an inter-specific one. As the branching point of Letlc. oenos in the phylogenetic trees is not clear, i.e. this species is not more related to Lezlconostoc than to the genus Weissella (Martinez-Murcia et d., 1993) and, because the ISR sequences of all Lem. oenos strains tested were highly conserved, it may be better to consider that these strains belong to a single, very homogeneous, species of a genus different from Leuconoxtoe and Weixxella. The nucleotide composition at positions that are conserved in the rRNA and tRNAA'" sequences of related bacteria, may be used as signatures of this different genus. Letlc. oenos was considered as a microorganism that evolved 'quickly', i.e. at a high rate, from the Lezkconostoc ancestor (Yang & Woese, 1989) . If a large number of nucleotide positions of the rRNAs of Lezrc. oenos are unusually variable with respect to other related bacteria (including three positions of the tRNAAIa), i.e. their rates of change are relatively high, some intraspecies diversity may be expected, at least between the 16s-23s ISR of strains with differences in their PFGE patterns. However, the species Lew. oelzos was found to be phylogenetically very homogeneous on the basis of the 16s-23s ISR sequences. Although this organism contains only two rrn operons and mutations in the ribosomal sequences may be limited, some variable positions in the 16s-23s ISR were to be expected if part of this sequence really is non-coding DNA. Strains that showed some differences at the genomic organization level (as demonstrated by their PFGE patterns; Tenreiro etal., 1994) have revealed, however, no significant divergence in their ISR sequences (according to the global DNA homology reported; Dicks et al., 1995b) . Therefore, this species seems both phylogenetically and genomically homogeneous ; any difference in the genome appears to be due to DNA arrangements occurring in determined strains. This homogeneity is in contrast with the wide diversity expected for free-living micro-organisms. One possible explanation is that most, if not all Lew. oenos strains studied descend from a single phylogenetically close ancestor that has predominated in the wine environment, perhaps due to the transfer of viticulture. Diversity within Lac. oenos, or the species Oenococcus oeni [corrig.] gen. nov., comb. nov. as recently proposed (Dicks etal., 1995a) must be thoroughly investigated in strains isolated from natural environments where the original natural niche of this micro-organism is present.
